Intestinal homeostasis relies on the reciprocal crosstalk between enteric neurons and immune cells, which together form neuroimmune units that occupy distinct anatomical niches within the gut. Here we will review the recent advances in our understanding of neuro-immune crosstalk within the gut, with focus on macrophages, mast cells and innate lymphoid cells. In particular, we will discuss the role of neuron-immune cell crosstalk in homeostasis, and how aberrant communication may underlie disease in the gastro-intestinal tract.
Introduction
Intestinal homeostasis relies on the coordinated crosstalk between various cellular networks. An excellent example is provided by the nervous and immune system, which communicate with each other via a plethora of neuronal and immunological signals. These neuro-immune interactions appear to be essential to rapidly sense and respond to multiple environmental cues in the intestine both in health and disease. Indeed, recent studies have emphasized that neuro-immune cell units are located in strategic anatomical positions to maintain intestinal homeostasis [1] . This review will focus on the exciting advances in recent years unraveling the crosstalk between the nervous system and immune cells, in particular macrophages, mast cells and innate lymphoid cells.
Overview of the autonomic nervous system
The gastro-intestinal (GI) tract is innervated by components of the peripheral nervous system, which together with the central nervous system form the autonomic system. The peripheral nervous system consists of the sympathetic nervous system, of which the main neurotransmitter is norepinephrine, and the parasympathetic nervous system, whose primary neurotransmitter is acetylcholine. Together the sympathetic and parasympathetic (i.e. vagus nerve) nervous system provide the extrinsic neural control of vital gut functions including regulation of smooth muscle contractility, blood flow and fluid secretion [2] . Besides this efferent brain-to-gut communication, peripheral information is conveyed to the central nervous system through vagal afferent neurons of the nodose ganglion and via nociceptive and visceroceptive splanchnic and pelvic afferents originating from the thoracolumbar and lumbosacral dorsal root ganglia, respectively [3] . In general, vagal afferents provide information about physiological processes including hunger and satiety, whilst spinal afferents inform the brain about pain and discomfort. Indeed, splanchnic afferents express voltage-gated sodium channels such as Na v 1.8 and Na v 1.9, purinoceptors and transient receptor potential (TRP) channels involved in pain perception, whilst vagal afferents are activated by hunger/satiety-related peptide hormones (e.g. cholecystokinin and leptin) released by enteroendocrine cells. Of note, both types of afferents also express receptors for pro-inflammatory mediators released by immune cells. Upon their activation, the afferent neurons will transmit information to the brain to modulate tissue inflammation accordingly [4, 5] .
The GI tract itself is also under control of the intrinsic enteric nervous system (ENS), which consists of an extensive network of interconnected neurons and glia arranged in the myenteric and submucosal plexus, capable of functioning autonomously from the central nervous system. The ENS is equipped with sensory (i.e. primary afferent), motor and interneurons of which submucosal neurons control fluid secretion and transport, nutrient absorption and blood flow, whereas myenteric neurons mainly coordinate gut muscle contractility. Although most enteric neurons are of cholinergic origin, other types of neurons communicate via the release of neurotransmitters and neuropeptides such as nitric oxide (NO), adenosine triphosphate (ATP), vasoactive intestinal peptide (VIP) and calcitonin gene-related peptide (CGRP). Interestingly, each part of the autonomic nervous system has recently been identified as a crucial gatekeeper of immune homeostasis and modulator of intestinal inflammation [2] . consisting of commensals, pathogens and dietary food antigens. Gut immune cells are thus challenged with the complex task of remaining tolerant towards trillions of commensal bacteria, while being simultaneously poised to defend our body against invading pathogens. To this end, a plethora of innate and adaptive immune cells are strategically positioned in the gut wall to rapidly sense, react and adapt to the ever-changing conditions of the intestine [6, 7] .
The fact that different immune cells of the gut express neurotransmitter and neuropeptide receptors clearly suggests that neuron-derived signals may modulate immune cell function. Reciprocally, enteric neurons express cytokine receptors enabling them to respond to inflammatory signals. This reciprocal repertoire suggests the existence of a neuro-immune crosstalk contributing to gut homeostasis. In line, neurons and immune cells truly share anatomical niches and interact functionally, forming neuro-immune units in distinct regions of the gut [7, 8] .
Neuron-macrophage crosstalk
Macrophages (Mws) represent an integral part of the gut innate immune system and are devoted to constantly surveil their environment to rapidly recognize and phagocytose pathogens and debris. Gut resident Mws constitute a heterogeneous population of CX3CR1+ cells strategically positioned within the different intestinal layers, reaching the highest density in the lamina propria compartment. Here, Mw are mostly located close to the intestinal epithelium, where they phagocytose bacterial antigens and secrete mediators driving epithelial cell renewal [6] . Deeper within the mucosa, Mws can also be found at the crypt base of villi and closely associated to blood vessels and neurons of the submucosal plexus. Secluded from luminal signals, a substantial number of intestinal Mws are located in the muscularis externa, that is, muscularis Mw (mMw), in close proximity to the myenteric plexus. In addition, a lower number of mMws are also found within the circular and longitudinal muscle layers and within the serosal layer of the gut [6, 9] .
Mw phenotype depends on the niche, in which Mw reside. Accordingly, the genetic signature of lamina propria Mw (LPMw) differs from that of their muscularis counterparts. Gabanyi and colleagues showed that LpMw possessed a rather pro-inflammatory gene signature, most likely imposed by luminal and epithelial signals [9] . In contrast, mMw exhibited a more tissue-protective phenotype with the expression of genes such as Arg1 and Cd163. Enteric neurons in the myenteric plexus closely communicate with mMw and contribute to their survival and maintenance through the secretion of the growth factor colony stimulating factor 1 (CSF-1). Of note, CSF-1 release by enteric neurons is mediated by cues derived from microbial commensals. Conversely, mMw are crucial for neuronal survival and function [9] . Indeed, Muller and colleagues showed that release of bone morphogenic protein type 2 (BMP2) by mMw maintains peristalsis through activation of the BMP2 receptor expressed by enteric neurons [10] . In addition, we recently showed that depletion of a subset of long-lived mMw led to a reduction of over 50% of myenteric neurons, impaired intestinal contractility and prolonged intestinal transit [11] . Recent studies suggest that mMw may also play a role in shaping ENS connectivity, as the constitutive absence of mMw in Csf1 op/op mice was shown to cause disorganization of the architecture of the myenteric plexus and increased neuronal density [10] . This is in line with recent data showing phagocytosis of neuronal debris by mMw during steadystate, suggesting that mMw actively shape ENS architecture in development and adulthood [12] (Figure 1 ).
Neuron-Mw crosstalk in the muscularis externa has previously been extensively described in the context of inflammation. In a model of sterile intestinal inflammation, our group demonstrated that vagus nerve stimulation reduced intestinal inflammation by activation of cholinergic enteric neurons in close proximity to mMw expressing the a7 nicotonic acetylcholine receptor (a7nAChR) [13, 14] . This mMw-dampening effect is most likely mediated by enteric neurons, since vagal efferents only synapse with cholinergic myenteric neurons but not directly with mMw [15] . In line, activation of cholinergic enteric neurons by treatment with the 5-HT4 receptor agonist prucalopride reduced the inflammatory response and improved clinical recovery in a model of surgery-induced inflammation, a finding that was confirmed in patients undergoing abdominal surgery [14] . Furthermore, in a model of Salmonella-induced intestinal inflammation, the tissue-protective phenotype of mMw was upregulated, an effect likely mediated by interaction between extrinsic sympathetic fibers and mMw expressing the b2-adrenergic receptor (b2-AR) ( Figure 1 ) [9] . Taken together, these findings clearly show reciprocal regulation and support between mMw and intestinal innervation.
Although neuron-Mw interaction in the muscularis externa is quite evident, it remains unclear whether a similar crosstalk exists within the intestinal mucosa. Indeed, while the mucosal compartment of the gut is highly innervated, evidence indicating direct vagal and sympathetic communication with LPMw is lacking. In line with these observations, LPMw express rather low levels of most nAChR and adrenoceptors, indirectly arguing against a modulatory effect of vagal and sympathetic fibers on these immune cells [9] . However, sympathetic fibers are present around the epithelial crypts, and as this region is well-vascularized, norepinephrine may act as a chemoattractant to recruit circulating immune cells into the mucosa and guiding them to sympathetic terminals [16] . In line, Asano et al. recently described a unique CD169+ subpopulation of LPMwenriched near the crypt base of the villi close to lymphoid tissue [17] . These crypt-associated LPMw expand during experimental colitis and contribute to disease severity via their ability to attract monocytes via release of the CCR2/ CCR3/CCR5 ligand CCL8 [17] . In addition, similarly as to what was observed in the myenteric plexus, depletion of long-lived Mw leads to loss of enteric neurons in the submucosal plexus, with consequent impairment of intestinal secretion [11] . These findings support the hypothesis of neuron-Mw crosstalk within the lamina propria; however, further investigation is warranted to fully elucidate the mechanisms involved.
Neuron-mast cell crosstalk
Mast cells constitute a heterogeneous immune cell population that acts as sentinels at the mucosal surface to provide a first line of defense against invading pathogens. Moreover, mast cells are involved in a diverse range of homeostatic processes such as tissue repair and remodeling. Therefore, mast cells possess a wide array of pattern recognition receptors (i.e. Toll-like receptors), Fc and Mas-related G-protein-coupled (MRG) receptors. In addition, mast cells sense cell stress and tissue damage 70 Brain, gut, and immune system interactions Neuron-macrophage crosstalk in the gut. During homeostasis, enteric neurons maintain the muscularis macrophage (mMw) population through the production of colony stimulating factor-1 (CSF-1), a growth factor necessary for Mw survival. Reciprocally, mMw directly control neuronal survival via the release of bone morphogenic protein type 2 (BMP2). During inflammation, cholinergic enteric neurons dampen mMw activation via the interaction of acetylcholine (ACh) and a7 nicotinic acetylcholine receptor (a7 nAChR). In addition, in the context of bacterial infection extrinsic sympathetic fibers release noradrenaline (NE) promoting a tissue-protective phenotype in mMw expressing b2 adrenergic receptor (b2-AR). Other abbreviations: CSF-1R, colony stimulating factor-1 receptor; BMP2R, bone morphogenic protein type 2 receptor.
via an array of receptors such as cytokine, alarmin and purigenic receptors. Upon activation, mast cells rapidly release their preformed granule-stored mediators containing histamine, serotonin (5-HT), heparin and various proteases (i.e. chymase, tryptase, etc.) followed by the release of de novo synthesized lipid mediators including leukotrienes, prostaglandins and cytokines [18, 19] .
In the intestine, the largest number of mast cells can be found in the mucosal and submucosal layers, while they are rarely present in the muscular and serosal layers. Extrinsic afferent nerve endings as well as enteric neurons lie in close contact to the mucosal mast cells and about 70% of mucosal mast cells directly interact with nerve fibers, while another 20% are located within 2 mm.
The close spatial association between mast cells and nerves has suggested the existence of a bidirectional and functional neuro-mast cell axis. Indeed, neuronal stimulation of mast cells is a key component of neurogenic inflammation, in which neuronal secretion of neuropeptides including CGRP, VIP and substance P (SP) causes mast cell degranulation. The released mast cell mediators not only strengthen the inflammatory response, but in addition create a positive-feedback loop via activation of the nociceptors, driving neurogenic inflammation [20] . Furthermore, Zheng and colleagues showed that psychological stress evokes the release of the neuropeptide SP by nervous terminals. Release of SP acts on intestinal immune cells. Specifically, eosinophils were found to respond to SP by producing corticotrophin Lamina propria
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Neuron-innate lymphoid cell (ILC) crosstalk in the gut. Cholinergic neurons sense and respond to parasitic infection via the release of neuromedin U (NMU). This neuropeptide induces the activation of NMUR1-expressing group 2 ILCs (ILC2s) contributing to ILC2 proliferation and production of type 2 cytokines favoring worm expulsion. In contrast, b2-adrenergic-receptor-mediated signaling inhibits ILC2 activity in intestinal infection models. The neuropeptide calcitonin gene-related peptide (CGRP) released by cholinergic enteric neurons also antagonizes ILC2 responses, but does promote IL-5 production. In addition, ILC2s respond to vasoactive intestinal peptide (VIP) signaling, and activation of the VIP receptor 2 (VPAC2) leads to increased IL-5 production and eosinophil level regulation. Group 3 ILCs (ILC3s), in contrast, are controlled by enteric glial cells (EGC). EGCs sense microbial-derived and hostderived cues and subsequently release glial cell-derived neurotrophic factor family ligands (GFL). In turn, these neurotrophic molecules activate RET-expressing ILC3s, leading to the production of the tissue-protective cytokine interleukin-22 (IL-22). Other abbreviations: CALCRL, Calcitonin receptor-like.
releasing hormone (CRH). In turn, CRH triggers mast cell degranulation via CRF1 receptor, causing impaired intestinal epithelial barrier function, which is typically observed during stress (Figure 2 ) [21] [22] [23] .
The most well-studied mast cell mediators are histamine and 5-HT. Histamine has been repeatedly linked to pain symptoms in irritable bowel syndrome (IBS), as it has been shown that this mediator directly activates afferent neurons via interaction with histamine receptor 1 (H1R) [24] . In addition, histamine sensitizes TRP vanilloid 1 (TRPV1), TRPV4, TRP ankyrin (TRPA)1 and Na v 1.8 channels, leading to increased neuronal discharge and aberrant pain perception. If persistent, this increased nerve excitability can contribute to abdominal pain and IBS [21, [25] [26] [27] . Another mast cell mediator associated to abdominal pain severity in IBS patients is 5-HT [28] . 5-HT increases afferent neuron excitability and similar to histamine, sensitizes TRPV1 and TRPV4 channels [28] [29] [30] . Other mast cell mediators, such as proteases, have also been shown to be increased in IBS patients [25] . For instance, mast cell tryptase cleaves within the extracellular domain of the protease-activated receptor 2 (PAR2) on nerve terminals, leading to intracellular synthesis of the TRPV4 agonist 5,6-epoxyeicosatrienoic acid (5,6-EET), a polyunsaturated fatty acid metabolite, activation and sensitization of nociceptors by potentiating TRPV1, TRPV4 and TRPA1 and aberrant pain perception (Figure 2) [31] [32] [33] [34] .
Opposed to afferent nociceptors, only limited evidence indicates sympathetic and cholinergic modulation of mast cell function. Parasympathetic regulation of mast cells is suggested by nAChR and muscarinic AChR expression on mast cells, the close anatomical proximity between mast cells and cholinergic nerve fibers and the fact that nAChR agonists attenuate mast cell responses. In contrast, sympathetic control of mast cells is indicated by their expression of b2-AR and the evidence that b2-AR agonists inhibit the release of histamine and other inflammatory mediators [35] . However, additional studies are required to fully comprehend the mechanisms involved.
Neuron-innate lymphoid cell crosstalk
Innate lymphoid cells (ILC) are immune cells belonging to the lymphoid lineage and are essential players in acute innate immune responses to infection and tissue remodeling, in addition to regulating adaptive immunity and resolving inflammation. They are relatively rare cell types but are abundantly present at barrier surfaces such as the intestinal mucosa, where they have been implicated in maintaining barrier integrity. Unlike other types of immune cells, ILCs do not recognize-specific antigenassociated or pathogen-associated molecular patterns but are rather alerted to incoming threats by host-derived signals including alarmins, lipid mediators and neuropeptides [1] . Recently, several studies have suggested neural regulation of ILCs. Group 2 ILCs (ILC2), which play a key role in anti-helminth immunity, lie close to submucosal cholinergic neurons that express the neuropeptide neuromedin U (NMU), and were recently shown to selectively express the NMU receptor 1. Acting in concert with the epithelial-derived alarmins IL-33 and IL-25, NMU promotes ILC2 proliferation and release of type 2 cytokines favoring worm expulsion [36, 37] . In contrast, sympathetic fibers attenuate ILC2 responses, serving as a negative regulator to maintain the balance between promotion of host-protective ILC2 responses and prevention of chronic type 2 inflammation [38] . The neuropeptide CGRP acts as another negative regulator of ILC2 responses and proliferation, but does selectively promote IL-5 production [39] . ILC2s also respond to VIP signaling leading to increased IL-5 production via activation of the VIP receptor 2 (VPAC2). As IL-5 is central to regulation of eosinophil accumulation, this implicates that ILC2 play a critical role in regulating metabolic cycling ( Figure 3 ) [40] .
Group 3 ILCs (ILC3) have been shown to interact with enteric glia via neurotrophic factors such as glial-derived neurotrophic factor (GDNF) family ligands (GFL). Enteric glial cells, historically described as the structural support of neurons, integrate microbial-derived and hostderived cues to produce neurotrophic factors. In turn, these neurotrophic molecules activate neighboring ILC3s expressing the neuroregulatory receptor RET, leading to the production of the tissue-protective cytokine interleukin-22 (IL-22). Specific deletion of RET in ILC3 decreased IL-22 release causing blunted epithelial reactivity and increased susceptibility to intestinal infection and inflammation. Thus, glial cells facilitate the maintenance of gut homeostasis via orchestrated release of neurotrophic factors affecting ILC3 (Figure 3 ) [41] .
Conclusions
The recent years have seen a rapid expansion in our knowledge regarding the existence and function of neuro-immune units in the gut; however, many questions remain unanswered. In particular, untangling the cell types and mediators involved in neuro-immune signaling has proven to be difficult due to the complexity, and diversity, of the intestinal mucosa. The advent of singlecell technology and potent bioinformatics tools may provide a crucial advantage in unravelling this complex crosstalk, and may shed light on the molecular mechanisms involved. Further studies should focus on pinpointing these molecular mechanisms, understanding how they support homeostasis, and how they may underlie intestinal pathology. Indeed, neuro-immune interaction may provide an attractive therapeutic target not only in diseases characterized by abdominal pain, but also chronic neurodegenerative disorders of the GI tract.
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